INTRODUCTION
The copper-catalyzed Huisgen-dipolar cycloaddition reaction of azides with alkynes (CuAAC), which follows all of the original tenants of click chemistry as detailed by Sharpless, 1 has emerged as an important synthetic tool in the preparation of functional materials. This robust and efficient coupling reaction has been exploited in a wide range of different polymer platforms 2, 3 for the preparation of functionalized materials 4 in areas ranging from semiconductor processing 5 to drug delivery. 6 The efficiency of this process offers particular appeal for a major challenge in polymer synthesisthe coupling of chain end functionalized homopolymers to give block copolymers and cyclic polymers in high yield. [7] [8] [9] Prior work has demonstrated success in the synthesis of block copolymers by CuAAC; however, the reduced reactivity of polymeric chain ends leads to long reaction times, oxygen poisoning, and difficultly in removing the ligands/copper catalyst. 7, 8, 10 This lowered reactivity limits many of the examples in the literature to low molecular weight block copolymers, typically 5-10 kDa with selected examples as high as 20 kDa being reported. 7, 8, 10 As a result, there is a need to optimize the efficiency of CuAAC chemistry for polymer chain end coupling and to develop systems that operate under atmospheric conditions with facile removal of the Cu catalyst. Herein, the use of commercially available and recyclable copper nanoparticles (CuNPs) in combination with microwave reaction conditions leads to the fast and efficient synthesis of high molecular weight block and cyclic copolymers.
RESULTS AND DISCUSSION
Following the discovery that copper metal can be a source of catalytic species for CuAAC, 11 increasing attention has been devoted to the application of solid or supported Cu species as catalytic entities to reduce both the catalyst loading and the reaction times. [12] [13] [14] [15] [16] [17] In this study, commercially available Cu nanoparticles (nominal size < 50 nm) 18 that can be removed by centrifugation and have low sensitivity to oxygen are shown to be a versatile and robust catalyst for producing advanced macromolecular architectures such as block and cyclic copolymers. Scheme 1 shows the general procedure for production of macromolecular architectures, such as diblock and triblock copolymers, using click chemistry with microwave irradiation in the presence of CuNPs. Key to the success of these strategies is the preparation of well-defined, chain end functionalized macromolecules prepared by either living radical or ring-opening polymerization (Scheme 2). In a typical diblock copolymer synthesis (Scheme 2), 5.0 kDa poly(ethylene glycol)-acetylene (PEG-alkyne, 1) and 6.5 kDa polystyrene-azide (PS-N 3 , 5, 1.2-1.5 eq) homopolymers were dissolved in anisole (1 mL/50 mg PEG). CuNPs (2 mg/50 mg PEG) were added, and the reaction mixture was subjected to microwave irradiation. As the reaction is unaffected by atmospheric oxygen, no purging or inert atmosphere is required and the conversion of the coupling reaction can be easily monitored by gel permeation chromatography (GPC). GPC traces for the CuNPs catalyzed reaction of 1 and 5 demonstrates that full conversion is achieved after only 10 min (Fig. 1) . Furthermore, the use of CuNPs simplifies purification as the CuNPs can be easily removed by centrifugation at 3000g for 5 min (Fig. 2) , followed by decantation, with the block copolymer (9) being isolated in $90% yield after precipitation. The successful coupling of PEG and PS blocks was confirmed by multidetector GPC as well as 1 H nuclear magnetic resonance (NMR) spectroscopy, which showed the expected resonances that are unique for each block. Additionally, the level of residual copper in the purified products was examined by atomic absorption spectroscopy and shown to be less than 200 ppm, which is significantly lower than that observed for both traditional soluble and insoluble catalysts (ca. 500-2000 ppm) 4 and represents removal of >97% of the copper with a single centrifugation step.
The success of this initial block copolymer coupling reaction prompted an examination of the synthesis of higher molecular weight PEO-b-PS and PS-b-PMMA diblock and triblock copolymers using CuNPs and microwave irradiation. As shown in Table 1 , formation of diblock and triblock with moderate molecular weights (ca. 8-24 kDa) typically required irradiation for 10 min to reach completion (8) (9) (10) (11) . In the case of the higher molecular weight, PS-b-PMMA diblock copolymer, 12, longer reaction times (4 h) were required to achieve high coupling yields due to the low concentration and steric hindrance of chain end groups.
Another advantage of the CuNPs is their tolerance to atmospheric and dissolved oxygen, which allows for catalyst recycling. To examine the level of insensitivity of the reaction to oxygen, the coupling of 5 and 1 in the presence of recycled CuNPs was examined ( Table 2) . Recycling of the catalyst was performed by centrifugation of the initial reaction solution, removal of the supernatant, addition of additional aliquots of the starting homopolymer reaction mixture to the CuNP residue, stirring to redisperse followed by repetition of the microwave irradiation. Significantly, no decrease in reaction rate was observed after four recycling reactions. In addition, control reactions without CuNPs were performed and negligible coupling was observed demonstrating the absence of any background thermal reaction under these conditions (Fig. 3) . Interestingly, addition of CuNPs to these previously irradiated control samples led to essentially complete coupling under standard reaction conditions, demonstrating that both the azido and acetylene chain ends are stable under microwave irradiation and do not undergo reaction in the absence of the CuNP catalyst (Fig. 3) .
The efficiency and recyclability of CuNPs for the synthesis of diblock and triblock copolymers also suggested their use in the formation of cyclic polymers (Scheme 3). The suitability of Cu nanoparticles for cyclic polymer formation arises from the heterogeneous nature of the catalyst, which may allow the acetylene or azide chain end to bind to the nanoparticle surface with cyclization being favored due to the partial immobilization of the chain. Additionally, the insensitivity of the CuNPs to deactivation permits stepwise or continuous addition of a concentrated hetero-bifunctional linear polymer solution to the reaction mixture. 19, 20 The speed of the reaction coupled with the inert nature of the cyclic product then alleviates the ultradilute conditions normally required for cyclic polymer formation. By recycling the catalyst and repetitively adding more aliquots of linear polymer every 15 min, moderate to high yields could be achieved in a few hours. This allows for higher concentrations and shorter reaction times providing significant advantage over the conventional click route to cyclic polymers, which requires large amounts of oxygen-sensitive CuBr complex and extremely dilute solutions. 21 When compared with prior batch approaches, this repetitive addition strategy leads to increased final cycle concentrations coupled with a dramatic improvement in the time SCHEME 2 Synthesis of end-functionalized homopolymers and the resultant diblock copolymer. SCHEME 1 Schematic representation of the synthesis of diblock and triblock copolymers via chain end coupling of azide and alkyne homopolymers in the presence of CuNPs.
needed for cycle formation. For example, approximately 15-20 mg of cyclic polymer could be produced in 5-10 mL of solvent in <1 h under our conditions. In direct contrast, it takes more than 24 h to produce less than $5 mg of cyclic polymer per 10 mL of solvent using the traditional high dilution strategy. 21 Recently, Lonsdale et al. have produced cyclic polymers in higher concentration using homogenous catalysts and preparative GPC. 22 Characterization of the products (Table 3) 27 were prepared as reported previously.
Instrumentation
Polymeric materials were characterized by 1 H NMR spectroscopy using a Bruker 500-MHz spectrometer with the residual solvent signal as an internal reference. GPC was performed in DMF on a Waters system (Millford, MA) equipped with four 5-mm Waters columns (300 Â 7.7 mm) connected in series with increasing pore size (10 2 , 10 3 , 10 4 , and 10 6 Å). Waters 410 differential refractometer index and Waters 996 photodiode array detectors were used. The molecular weights of the polymers were calculated relative to linear PS or PEG standards. MALDI-TOF mass spectroscopy was conducted on a Bruker UltraFlex MALDI-TOF MS with SCOUT-MTP Ion Source (Bruker Daltonics, Bremen) equipped with a N 2 -laser (337 nm), a gridless ion source and reflector design. All spectra were acquired using a reflector-positive method with an acceleration voltage of 25 kV and a reflector voltage of 26.3 kV. The detector mass range was set to 1000-9000 Da to exclude high-intensity peaks from the lower mass range. The laser intensity was set to the lowest value possible to acquire high-resolution spectra. The obtained spectra were analyzed with FlexAnalysis Bruker Daltonics, Bremen, version 2.2. The instrument was calibrated using SpheriCal TM calibrants. The calibrants were purchased from Polymer Factory. Infrared spectra were recorded on a Perkin Elmer Spectrum 100 with a Universal ATR sampling accessory.
PS-N 3
All PS-N 3 polymers (4, 5 and 6) were synthesized under similar conditions. For example, chloro-functional NMP initiator 4a 25 (377 mg, 1.01 mmol) was dissolved in styrene (10.0 g, 96 mmol) degassed via three freeze-pump-thaws and heated at 125 C for 1.5 h to 30% conversion and then precipitated into methanol to achieve PS 3k -Cl (4b, 2.83 g). Polymer 4b (2.44 g, 0.8 mmol) and NaN 3 (230 mg, 3.5 mmol) were dissolved in 7 mL DMF and heated at 50 C overnight. The reaction was diluted with dichloromethane (DCM) and extracted with water (3Â), dried over MgSO 4 , and precipitated in MeOH, yield 1.57 g (64%). PS 3k -b-PEG 5k (8) All click polymer-coupling reactions were performed under similar conditions for the times denoted in Table 1 . For example, PS 3k -N 3 4 (405 mg, 0.135 mmol), PEG 5k -alkyne 1 (450 mg, 0.090 mmol), and CuNPs (20 mg) were dissolved in 10 mL of anisole in a microwave tube, sealed and reacted in a Biotage microwave reactor for 10 min at a nominal temperature of 160 C. The Cu nanoparticles were then separated by centrifugation at 3000g for 5 min and the supernatant precipitated into cyclohexane, yield 594 mg (83% Cyclic PEG 2k (16) CuNPs (1.0 g) were dispersed in 10 mL of anisole in a microwave tube. 18.6 mg N 3 -PEG 2k -alkyne (14) was dissolved in 900 lL anisole and 100 lL aliquots of this solution sequentially added to the reaction mixture followed by irradiation at 160 C for 10 min. The reaction mixture was purified by centrifugation at 5000g for 5 min to remove the CuNPs, the supernatant was then decanted and solvent was removed in vacuo. Cyclic PEG 4.5k (17) CuNPs (0.50 g) were dispersed in 10 mL of anisole in a microwave tube. Aliquots of 4.0 mg of N 3 -PEG 4.5k -alkyne (15) dissolved in 100 lL of anisole were added to the microwave tube for five consecutive microwave reactions at 160 C for 20 min (total of 20 mg). The reaction mixture was then purified by centrifugation at 5000g for 5 min and the supernatant decanted and solvent removed in vacuo. 
CONCLUSIONS
In conclusion, we have introduced an easy and simple method for the formation of diblock and triblock copolymers, as well as cyclic polymers using Cu nanoparticles as a catalyst system coupled with microwave irradiation. Advantages of this procedure are the speed of the reaction, its tolerance to O 2 , and the ability to easily separate and recycle the Cu nanoparticles.
